We present an interplay of high-resolution scanning tunneling microscopy imaging and the corresponding theoretical calculations based on elastic scattering quantum chemistry techniques of the adsorption of a goldfunctionalized rosette assembly and its building blocks on a Au(111) surface with the goal of exploring how to fabricate functional 3-D molecular nanostructures on surfaces. The supramolecular rosette assembly stabilized by multiple hydrogen bonds has been sublimed onto the Au(111) surface under ultra-high vacuum conditions; the resulting surface nanostructures are distinctly different from those formed by the individual molecular building blocks of the rosette assembly, suggesting that the assembly itself can be transferred intact to the surface by in situ thermal sublimation. This unanticipated result will open up new perspectives for growth of complex 3-D supramolecular nanostructures at the vacuum-solid interface.
Introduction
Self-assembly of molecular building blocks into supramolecular architectures has played an important role in creating 2-D surface nanostructures [1 16 ]. However, an important step for the rational design 536 Nano Res (2009) 2: 535 542
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of functional molecular devices on surfaces is to extend these nanostructures in the third dimension. One strategy to achieve this goal would be to directly transfer the knowledge of supramolecular chemistry in solution to 2-D solid surfaces. However, it is generally expected that on-surface self-assembly processes may be completely different from the corresponding self-assembly processes in solution. With respect to the on-surface self-assembly, several factors such as steric effects, adsorbate-substrate registry, and surface electronic effects may potentially influence the selfassembly processes to deviate from the equilibrium conditions. This may result in kinetically trapped nanostructures that are very different from the selfassembled products in solution [1, 2, 11, 12] . Thus, a more viable strategy to pattern surfaces by 3-D nanostructures would be to directly transfer the welldefined 3-D assemblies achieved by supramolecular synthesis in solution to a 2-D solid interface.
Recently, an interesting 3-D self-assembled supramolecular compound, the so-called rosette a s s e m b l y a s s h o w n i n S c h e m e 1 , h a s b e e n synthesized in solution and characterized in great detail [17 21 ]. The rosette assembly M2 is built up from relatively big building blocks in the form of the calix [4] arene dimelamine derivative M1 and smaller building blocks in the form of diethylbarbituric acid (DEB). The self-assembly of M2 involves the formation of 36 complementary hydrogen bonds between three M1 and six DEB units in an organic solvent. It has been demonstrated that the M2 rosette assembly has a well-defined 3-D shape and size provided by the complementary hydrogen bonds. One big advantage of this rosette assembly is that even slight modifications in the structure of the building blocks yield different functionalized rosette assemblies. Therefore, a variety of such assemblies can be generated by chemical modifications of the building blocks. For instance, gold-functionalized rosette assemblies have been synthesized, allowing gold atoms to be aligned on surfaces. In this work, we have investigated the adsorption of the goldfunctionalized rosette assembly (M2) and its building blocks (M1 and DEB) on a Au(111) surface by scanning tunneling microscopy (STM) under ultrahigh vacuum (UHV) conditions with the goal to explore how to fabricate functional 3-D molecular nanostructures on surfaces.
Results and discussion
Prior to the study of the rosette assembly M2 we Scheme 1 Schematic representation of the structures of M1, DEB, and the formation of the rosette assembly M2 (RT representsç room temperature) investigated how the individual building blocks self-assemble on Au(111). After deposition of DEB molecules, large molecular islands with well-ordered structure were observed on the Au(111) surface as depicted in Fig. 1(a) [21] . This self-assembled structure consists of DEB molecules forming molecular chains with zigzag arrangements, and each bright spot in the STM image corresponds to one single DEB molecule. The self-assembled DEB structure can be described as 1-D molecular chains formed by hydrogen bonds, which are subsequently linked together through their alkyl chains via van der Waals (vdW) interactions to form the 2-D ordered structure. This characteristic bonding configuration is also reflected in the high-resolution STM images, as between every molecular chain a fairly big gap is observed in which the interlocked alkyl chains are visible [21] .
After deposition of the M1 building block, a wellordered lamella structure was formed, as depicted in Fig. 1(b) [20] . Notice that in this case we have studied a modified M1 compound containing two coordinated gold atoms as illustrated in the inset of Fig. 1(b) . Moreover, as depicted in high-resolution STM images ( Fig. 1(b) ), the individual M1 building block is imaged as one bright central protrusion linked to the two "arms" on both sides. The bright features at the ends of the two arms are ascribed to the coordinated gold atoms. Due to the well-defi ned 3-D conformation of the M1 building block, a non-fl at geometry is anticipated upon adsorption of M1 on the surface. This is consistent with the STM images, where the apparent heights of the two "arms" on either side of the central protrusion are clearly seen to be different. From these observations we conclude that the lamella structure is associated with the intact M1 building block [20] .
After characterization of the individual building blocks (DEB and M1), we continued to explore the complete rosette assembly. The M2 complex was thermally sublimed in situ from a glass crucible heated to 380 K (see the Experimental section). After this procedure we observed large well-ordered islands on the Au(111) surface as shown in Figs. 2(a) and 2(c). The islands consist of periodic double rows of protrusions, as is particularly visible in the large-scale STM image in Fig. 2 (c). The close-up STM image in Fig. 2 (a) shows subtle differences in the imaged shape of the features in adjacent double rows, and therefore in the direction perpendicular to the rows the structure only repeats itself for every second row as indicated by the green lines in Fig. 2(a) . The structure exhibits a number of characteristic point defects where individual entities in the double rows are missing. In images acquired at high resolution ( Fig. 2(a) ) it appears that there are molecular features even inside these point defects, suggesting that the structure consists of a double or even multilayer of molecular entities. Evidently, the structure observed after deposition of M2 is entirely different from the ones formed by the M1 and DEB building blocks alone on the Au(111) surface (as seen by comparison with Fig. 1 ). This shows that thermal sublimation of the hydrogen bonded M2 assembly does not lead to fragmentation of the complex and deposition of the individual molecular building blocks which subsequently phase segregate on the surface. In further experiments where DEB and M1 were co-deposited on the surface, we were not able to synthesize the observed well-ordered structure associated with the deposition of the M2 assembly. This shows that the structure observed in Figs. 2(a) and 2(c) is not the result of surface selfassembly of individual building blocks formed by thermal fragmentation of the M2 assembly. Taken together, these observations strongly suggest that the structural integrity of the M2 compound is at least partially sustained during thermal sublimation and the structure observed after deposition of the M2 compound retains a "memory" of the structure of the M2 assembly itself. Additionally, there are striking quantitative similarities between the repeat distances of the structure formed after deposition of M2 and the dimensions of the rosette assembly M2 itself ( Fig.   2(b) ). The unit cell of the periodic structure indicated in Fig. 2(a) , has side lengths of 2.5 nm ± 0.2 nm and 1.5 nm ± 0.2 nm, which compare extremely well with the ~2.8 nm edge length and ~1.3 nm thickness, respectively, of the rosette assembly. We therefore tentatively propose that the M2 rosette assemblies are in fact deposited intact on the surface, where they align in an "edge-on" manner as schematically illustrated in Fig. 2(a) . A line scan (see Fig. 2(d) ) at the perimeter of the self-assembled molecular island, obtained from the constant current image depicted in Fig. 2(c) , shows an apparent height of only ~0.3 nm compared to Left side: top view of the molecular structure of the double rosette M1 3 ·(DEB) 6 obtained from molecular modeling using a gas phase energy-minimization routine. The calix [4] arene dimelamine framework is shown in blue, the triphenylphosphane groups in red, and the DEB moieties in green. Right side: schematic side view of the M1 3 ·(DEB) 6 the surrounding Au(111) substrate, i.e., signifi cantly smaller than the physical height of the rosette assembly M2 in the proposed edge-on adsorption geometry. Agreement between physical and apparent height is, however, not generally expected in constant current STM images, where the contrast represents the required Z-movement of the STM tip to maintain the demanded tunnel current, and therefore mainly depends on the electronic structure of the surface and the transmission coefficient for electron transport through the molecular overlayer. Numerous studies of self-assembled monolayers (SAMs) of alkanethiols on gold surfaces have reported apparent heights much lower than the alkane thickness refl ecting the low conductivities of the molecular fi lms [22 24] . To obtain further insight into STM imaging of the M2 complex, we have performed theoretical calculations using elastic scattering quantum chemistry (ESQC-STM) image techniques and extended semi-empirical atom superposition and electron delocalization (ASED+) codes [25 27 ]. As the entire M2 assembly is prohibitively large for efficient modeling, we focus instead on a single M1 building block since we expect most of the tunnel current to go through M1 when the M2 assembly is adsorbed as proposed in the model superimposed on Fig. 2(a) . The structure of the simulated system (see the inset in Fig. 3) is rather similar to a single M1 unit extracted from an M2 complex embedded in the molecular crystal. In the calculation, the coordinated gold atom closest to the surface was kept at a height of 0.56 nm and the other at 1.72 nm resulting in a total height of the adsorbed M1 molecule of 2.21 nm. A calculated line scan over the M1 molecule adsorbed on the gold surface is represented in Fig. 3 , and shows protrusions with heights between 0.4 and 0.7 nm. The STM image calculation was performed at a lower tunnel current than that used in the experiment since otherwise the tip and molecule would have collided and it would not have been possible to trace the contour of the molecule.
We therefore conclude that a 3-D object such as the rosette assembly, exhibiting low conductivity, and a low electronic coupling with the surface, has a very small transmission coeffi cient for electron tunneling through it [28] , in agreement with the observed low apparent height for the molecular island in Fig. 2(c) . We note, however, that the experimentally observed apparent height (~0.3 nm) in combination with the assumed edge-on adsorption configuration of the large rosette assemblies implies that the outermost apex atoms of the STM tip could have protruded inside the molecular fi lm during scanning of the STM images. That it is possible to obtain such relatively low-noise STM images under these conditions must qualitatively be ascribed to conformational fl exibility in the molecular overlayer. To quantitatively and simultaneously model the molecular mechanics response of the present system as well as the imaging process by electron tunneling would require the use of a virtual STM machine [25] , which in the present case would be prohibitively expensive in terms of computation time.
Conclusions
In summary, the adsorption and self-assembly of 
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the hydrogen bonded rosette assembly M2 and its constituent building blocks DEB and M1 on a Au(111) surface have been investigated by UHV-STM. Both individual building blocks were observed to form well-ordered self-assembled structures. When the complete rosette assembly M2 was sublimed, a wellordered surface nanostructure was observed with features indicative of M2 assemblies aligned on the surface in an 'edge-on' manner, The structure is distinctly different from the structures formed when the building blocks are either individually or coadsorbed. Surprisingly, the results therefore suggest that M2 assemblies can be sublimed intact which is an entirely unanticipated result for a supramolecular compound of this size. The stabilization energies for rosette complexes have been investigated in bulk chemistry kinetic studies [29, 30] and the melanine-cyanuric acid interaction energy has been determined for molecular gas phase and surface assemblies [19, 31] , but direct information about the anticipated stability of the studied rosette complex during vacuum sublimation is difficult to derive due to pronounced solvent effects and uncertainty about possible dissociation mechanisms. The present results imply, however, that the interactions between M2 assemblies are relatively weak while the multiple complementary hydrogen bonds stabilizing the rosette structure have suffi cient strength to maintain it intact during both thermal sublimation and the process of landing and organizing on the surface. If it is indeed possible to successfully deposit such a large 3-D hydrogen-bonded supramolecular assembly by normal sublimation methods under UHV conditions, it opens up exciting new avenues for bottomup fabrication of complex 3-D molecular surface nanostructures starting from assemblies synthesized in solution by conventional supramolecular chemistry.
Experimental and theoretical section
The experiments were performed in a UHV chamber equipped with standard facilities for sample preparation and characterization. Prior to deposition, the single-crystal Au(111) sample was cleaned by several cycles of 1.5 keV Ar + sputtering followed by annealing at 770 K for 15 min, resulting in a wellordered herringbone reconstruction. The synthesis of the gold-functionalized rosette assembly (M2) and its building blocks (M1 and DEB) has been described in Refc. [18, 32] . The molecular samples, which existed in powder form, were loaded in a thermal evaporator in the form of a glass tube wound with a metal wire for resistive heating and with a thermocouple pair fused into the glass. The molecules were thoroughly degassed in situ and then thermally sublimed onto a clean Au(111) sample held at room temperature (RT) using crucible temperatures of ~360 K (DEB), ~370 K (M1), and ~380 K (M2), respectively. After deposition, the sample was left at RT for about 10 min and then transferred in situ to a variable-temperature Aarhus STM [33] . All the STM measurements were carried out in the constant current mode and in the temperature range 100 150 K to thermally stabilize the resulting surface nanostructures.
The conformation calculations for a single M1 unit were carried out with an extended semi-empirical ASED+ [26] and the STM line scan was calculated with the elastic scattering quantum chemistry technique (ESQC-STM) [27] .
